Polyploidy is an important force in the evolution of flowering plants. Genomic merger and doubling induce an extensive array of genomic effects, including immediate and long-term alterations in the expression of duplicate genes ('homoeologs'). Here we employed a novel highresolution, genome-specific, mass-spectrometry technology and a well-established phylogenetic framework to investigate relative expression levels of each homoeolog for 63 gene pairs in 24 tissues in naturally occurring allopolyploid cotton (Gossypium L.), a synthetic allopolyploid of the same genomic composition, and models of the diploid progenitor species. Results from a total of 2,177 successful expression assays permitted us to determine the extent of expression evolution accompanying genomic merger of divergent diploid parents, genome doubling, and genomic coevolution in a common nucleus subsequent to polyploid formation. We demonstrate that 40% of homoeologs are transcriptionally biased in at least one stage of cotton development, that genome merger per se has a large effect on relative expression of homoeologs, and that the majority of these alterations are caused by cis-regulatory divergence between the diploid progenitors. We describe the scope of transcriptional subfunctionalization and 15 cases of probable neofunctionalization among 8 tissues. To our knowledge, this study represents the first characterization of transcriptional neofunctionalization in an allopolyploid. These results provide a novel temporal perspective on expression evolution of duplicate genomes and add to our understanding of the importance of polyploidy in plants.
INTRODUCTION
Duplicate genes are widespread in genomes of almost all eukaryotes. Among flowering plants, polyploidy (whole genome duplication) is a primary source of duplicate genes (BOWERS et al. 2003; LOCKTON and GAUT 2005; SOLTIS and SOLTIS 1999; WENDEL 2000) . All flowering plants are either contemporary polyploids or harbor the evolutionary signature of paleopolyploidy (ancient polyploidy) in their genomes. Polyploidy may have influenced flowering plant diversification, as it provides raw material for the evolution of novelty by relaxing purifying selection on duplicate genes (LYNCH and CONERY 2000; OHNO 1970; STEPHENS 1951; WENDEL 2000) . Through genic redundancy, polyploids may be subject to an array of evolutionary processes, including subfunctionalization (evolution of partitioned ancestral functions among duplicate genes) and neofunctionalization (evolution of novel functions among duplicate genes).
Subfunctionalization and neofunctionalization have been demonstrated in several species (ADAMS et al. 2003; CUSACK and WOLFE 2007; DUARTE et al. 2006; FORCE et al. 1999; LIU and ADAMS 2007; TESHIMA and INNAN 2008) . From an evolutionary perspective, both processes can lead to the preservation of the two members of a duplicate gene pair (LYNCH and FORCE 2000; OHNO 1970) . Because duplicate genes tend to be lost rapidly through mutational processes (LYNCH and CONERY 2000) , subfunctionalization is thought to be most important shortly after gene duplication. As the age of the duplicate pair increases, neofunctionalization becomes increasingly likely (OHNO 1970; STEPHENS 1951) . Further linking these two processes, it has been suggested that subfunctionalization could serve as a preservational transition state leading to neofunctionalization (RASTOGI and LIBERLES 2005) . Thus following polyploidy, both subfunctionalization and neofunctionalization may make significant contributions to duplicate gene retention and functional diversification.
In addition to subfunctionalization and neofunctionalization, allopolyploid plants also generate diversity through rapid genomic changes at various levels, including chromosomal lesions and intergenomic exchanges, as in wheat (SHAKED et al. 2001) , Brassica (PIRES et al. 2004; SONG et al. 1995; UDALL et al. 2004) , and Arabidopsis (MADLUNG et al. 2002) , epigenetic modifications (GAETA et al. 2007; LEE and CHEN 2001; MADLUNG et al. 2002; SALMON et al. 2005; WANG et al. 2004 ) and gene expression changes (ADAMS 2007; ADAMS et al. 2003; BOTTLEY et al. 2006; FLAGEL et al. 2008 ; WANG et al. 2004) . It is thought that these changes result from "genomic shock" caused by the joint effects of genome merger and genome doubling during allopolyploid formation (ADAMS et al. 2004; FLAGEL et al. 2008 ; HEGARTY et al. 2006) .
Additionally, allopolyploidy entails combining homoeologous regulatory variation and may lead to expression variation through interacting cis-and trans-regulatory factors, as has been shown for allelic variation (STUPAR and SPRINGER 2006; SWANSON-WAGNER et al. 2006; WITTKOPP et al. 2004) . Collectively, these results demonstrate that both genomic and genic evolutionary processes play a role in allopolyploid evolution.
The cotton genus (Gossypium) is a useful system to study the extent of genomic changes that accompany genome merger and allopolyploidization .
Allotetraploid cottons were formed by the merger of two diploid species originating, respectively, from the cotton A-and D-genome groups. This event took place 1-2 million years ago (CRONN et al. 2002; PERCY and WENDEL 1990; SEELANAN et al. 1997; SENCHINA et al. 2003; WENDEL and ALBERT 1992) (Figure 1A) . The modern diploid species G. arboreum (Agenome) and G. raimondii (D-genome) are extant diploids most similar to the ancestral A-and D-genome diploids that were involved in the formation of natural allotetraploids (CRONN et al. 2002; PERCY and WENDEL 1990; SEELANAN et al. 1997; SENCHINA et al. 2003; WENDEL and ALBERT 1992) (Figure 1A) . Following formation, the allotetraploid lineage diverged into five extant species, resulting in an array of allotetraploids. Furthermore, F 1 hybrids and allotetraploids synthetically derived from A-and D-genome species mergers are also available ( Figure 1A and Table 1 ). These synthetic accessions have proved particularly useful in teasing apart the effects of genome merger and genome doubling during the formation of the natural allopolyploid (ADAMS et al. 2004; ADAMS and WENDEL 2005a; FLAGEL et al. 2008) . Although these studies and others (ADAMS et al. 2004; CHEN 2007; COMAI et al. 2000; HEGARTY et al. 2006; SOLTIS et al. 2004; TATE et al. 2006) have provided insights into the formation and immediate genetic consequences of polyploidy, there is still much to be learned about the stabilization and evolution of polyploid genomes following formation.
In the present study we employ a genome-specific, mass-spectrometry technology to study relative levels of allelic and homoeologous (gene pairs duplicated by polyploidy) gene expression in diploid and allopolyploid cotton. By contrasting allelic and homoeologous gene expression in cotton species within an appropriate phylogenetic framework ( Figure 1A) , we have detected expression patterns consistent with subfunctionalization and neofunctionalization ( Figure 1B) . Because the cotton accessions selected for the present study represent three successive stages in allopolyploid evolution, i.e., genomic merger of divergent parents, genome doubling, and finally genomic coevolution in a common nucleus, we were able to determine the extent of expression evolution accompanying each stage.
MATERIALS AND METHODS

Maintenance of cotton germplasm and tissue collection
Seedling tissues. Seeds of two diploid cottons, G. arboreum (A 2 ) and G. raimondii (D 5 ), and a natural (G. hirsutum L. cv. Maxxa) and synthetic (2(A 2 x D 3 )) allotetraploid cotton (Table 1) , were sown and grown in steamed potting mix in the Pohl Conservatory at Iowa State University at 24°C day / 20°C night with a photoperiod of 16h light / 8h dark. The synthetic allotetraploid cotton was formed by colchicine-doubling the hybrid resulting from a cross between A 2 and the D-genome species G. davidsonii (D 3 ). Three biological replicates were planted for each species and seedling stage tissues were sampled at 10 days post emergence. Additionally, a sterile F 1 hybrid (A 2 x D 5 ) population has been maintain through vegetative propagation, and was also sampled for selected tissues. These five accessions include representatives of both diploid progenitor genomes (A-and D-genomes), their synthetic F 1 hybrid and synthetic allotetraploid, and a natural allopolyploid cotton (Figure 1A ). All seedlings were sampled between 9 AM to 10 AM to minimize circadian effects, and tissues were flash-frozen in liquid nitrogen and stored at -80°C prior to RNA isolation.
Vegetative and floral tissues. Seedlings were grown for 3-5 weeks before being transferred to larger pots and maintained at 32°C and a photoperiod of 16h light / 8h dark. After the emergence of the fifth leaf, the first, third and fifth leaves were harvested from all five taxa on the same day and flash-frozen immediately and stored. Petioles were sampled from the fifth leaf of each biological replicate, and midrib and lamina tissues were harvested from young and newly emerged leaves at the same time. After 3-4 months, flowers from all species, except D 5 , were harvested on 0 dpa (days post anthesis; 0 dpa is the day the flower opened). Juvenile plants from D 5 were grown separately under a shade regime for approximately one month, a treatment necessary to induce flowering. Fully opened flowers were collected between 9 AM and 11 AM to mitigate circadian effects. All flower tissues were manually excised and immediately flashfrozen in liquid nitrogen.
Fiber. Plants from all five taxa were grown in three replicates in the Horticulture Greenhouse at Iowa State University and flowers were harvested for four different stages of fiber development (5, 10, 20, and 25 dpa). For each replicate and developmental time-point, ovules were excised and immediately frozen in liquid nitrogen and stored at -80°C. Additionally, ovules were visually inspected for cell damage and the fibers were inspected for contaminating tissue.
Isolation of total RNA and sample platform preparation RNA isolation. All 24 tissues (Table 2 ) from the five taxa and three biological replicates were collected in 1.7 ml microfuge tubes and stored at -80°C. RNAs were extracted from all seedling, vegetative and floral tissues using a modified Qiagen RNA extraction protocol according to the manufacturer's instructions (Qiagen Inc., Valencia, CA) with modifications as follows: Tissues were ground in fresh XT buffer (WAN and WILKINS 1994) in microfuge tubes with plastic pestles and incubated at 42°C for 1.5 hr. 2M KCl was added and the sample was incubated on ice for 1 hr. After incubation, the samples were transferred to Qiashredder columns supplied with the Qiagen Plant RNeasy kit and all subsequent steps followed this kit's protocol.
RNAs were extracted from fibers at each developmental time point using a liquid nitrogen/glass bead shearing approach following a lithium chloride hot borate protocol (HOVAV et al. 2007; TALIERCIO and BOYKIN 2007) . Purified RNA samples were quantified using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) and assayed for degradation using a BioAnalyzer (Agilent, Palo Alto, CA). Genome-specific expression assays. For each multiplex, the forward and reverse primers from all 29 genes were pooled and used to amplify each cDNA sample using the manufacturer's specifications (Sequenom Inc., San Diego, CA). Amplified cDNAs were visualized on agarose gels to confirm amplification, and loaded on a 384 well plate in three technical replicates for each biological replicate. Mass spectrometry quantification of genome-specific expression ratios was performed at the University of Minnesota Genotyping facility.
Data processing, filtering, and analysis
Identification of diagnostic assays. All expression data recovered from the MassARRAY process were first filtered based on internal measures of assay quality, which included removing all assays flagged as "Bad Spectra", or having a frequency of uncertainty > 0.2 or an unused extension primer frequency > 0.5. Next all genes were filtered based on assays of A 2 and D 5 DNA samples, which were mixed in known ratios (4:1, 2:1, 1:1, 1:2, and 1:4), and used to standardize the genome-specific quantification procedure for each gene (STUPAR and SPRINGER 2006) . All genes were required to display a strong correlation (R 2 > 0.9) between the expected and observed A 2 :D 5 DNA ratios. Additionally, DNAs from Maxxa, the synthetic polyploid, and the F 1 hybrid were also assayed as controls for lineage-specific SNPs, which could potentially Statistical contrasts of genome-specific expression ratios. Contrasts of A-and D-genome expression ratios were made using a t-test. These P-values were then converted to q-values using the method of STOREY and TIBSHIRANI (2003) , and individual contrasts were considered equivalent when q > 0.05.
RESULTS
Assessment of Sequenom MassARRAY performance
Using a single nucleotide polymorphism (SNP)-based Sequenom MassARRAY technology, we simultaneously assayed the A-and D-genome contribution to the transcriptome for 63 gene pairs (Supplemental Table 1 Expression assays were filtered using a rigorous quality-control protocol (see Materials and Methods), yielding the total number of successful assays summarized in Table 2 . The percentage of successful assays varied among tissues from a maximum of ~ 73% in petioles to a minimum of 5% in pollen and hypocotyl tissues ( Table 2 and Supplemental Figure 1 ). Among 63 genes and 24 tissue types examined, 660 and 646 gene by tissue combinations were successful in the natural ('Maxxa' hereafter) and synthetic ('synthetic' hereafter) allopolyploids.
Because of limited tissue availability in the F 1 and for constructing the 1:1 A-and D-genome mix, we examined 13 and 10 tissue types in these accessions, respectively, resulting in 493 and 378 successful assays ( Table 2) .
Patterns of genome-specific gene expression in cotton tissues
The primary goal of the present study was to quantify genome-specific expression among a sampling of cotton tissues and developmental conditions in an evolutionary context. This was accomplished by assaying 24 tissues or developmental stages, which fit into four general categories: seedling, vegetative, and floral tissues, as well as developing fibers ( Table 2) Fiber expression in the mix and Maxxa show a substantial level of A-genome bias, whereas the synthetic is less A-genome biased (Figure 2 ; note that the F 1 hybrid between A 2 and D 5 is sterile and hence fibers could not be studied). These expression patterns are interesting, as they highlight previous observations (ADAMS et al. 2003; ADAMS et al. 2004; ADAMS and WENDEL 2005a; FLAGEL et al. 2008 ; HOVAV et al. 2008b; UDALL et al. 2006; YANG et al. 2006 ) that neither the A-or D-genome is globally dominant with regard to genome-specific expression.
These general trends describe the overall patterns of expression states for this sampling of Maxxa shows approximately equivalent expression ( Figure 3A) . Another illustrative gene is CO130747 (a putative CBL-interacting protein kinase), which shows significant differences in tissue-specific homoeolog expression between Maxxa and the synthetic during many developmental stages ( Figure 3B ). The synthetic is more A-genome biased in seedling, vegetative and floral stages, including almost total A-genome expression in roots, petioles, the calyx and all four developmental stages of fiber. In contrast, Maxxa is only strongly A-genome biased in 5 and 10 dpa fibers. A third example gene illustrated ( Figure 3C ) is DW008528
(similar to a putative protein with unknown function in Arabidopsis thaliana), for which we observed equivalent A-and D-genome homoeolog expression in all tissues for the synthetic and the F 1 , but considerable expression variation for vegetative tissues in Maxxa. In all fiber stages studied, both Maxxa and the synthetic show nearly equal expression of homoeologs.
Genome-specific expression biases during genome merger and doubling
The accessions studied were selected to provide insight into the various stages involved in allopolyploid speciation, including diploid divergence, genome merger, genome doubling, and subsequent evolution and stabilization. To assess homoeolog transcriptional alteration accompanying each of these stages, we identified all gene × tissue combinations shared by all four accessions (mix, F 1 , synthetic, and Maxxa), as well as those just shared by the F 1 , synthetic and Maxxa, and finally just by the synthetic and Maxxa. For each of these groups, we assigned all gene × tissue relationships as either equivalent ("="; q-value > 0.05) or nonequivalent ("≠"; qvalue ≤ 0.05). Specific examples of several expression patterns and their biological interpretation can be found in Figure 4 .
As summarized in Table 3 , when comparing all four accessions, the category that induced the most expression alteration was genome merger (implicated in 23 + 16 + 9 + 9 = 57 gene × tissue events) followed by change due to polyploid evolution (implicated in 9 + 16 + 6 + 9 = 40 gene × tissue events). From these results, it is clear that genome merger and polyploidy evolution (subsequent to formation) have the greatest effect on homoeologous gene expression, though diploid divergence and genome doubling are implicated in 11 and 30 gene × tissue events, respectively. For genes lacking data from the mix sample, more homoeolog expression changes occurred due to polyploid evolution than polyploidy alone, corroborating the foregoing result. Alternatively, some of the above observations could be due to the divergence between the model diploid progenitors used in this study and the actual ancient parents of natural allopolyploid cotton. Similar findings have been reported in cotton and other polyploid systems regarding the relative importance of genome merger (ADAMS and WENDEL 2005a; FLAGEL et al. 2008 ; HEGARTY et al. 2006; WANG et al. 2005 ) and genome doubling (STUPAR et al. 2007 ).
However, to our knowledge, this is the first study wherein the specific effects of each of these four components (divergence, merger, polyploidy, and polyploidy evolution) have been disentangled.
Tissue-specific subfunctionalization and gene silencing
To address the prevalence of subfunctionalization between homoeologous genomes, we searched for patterns of highly differential homoeolog expression biases between tissues from the F 1 , synthetic and Maxxa (see Figure 1B) . We did not detect any cases of complete reciprocal homoeolog silencing (here silencing is operationally defined as the absence of detectable transcript) among the 63 genes assayed, but the most subfunctionalized genes and their respective tissues are listed in Table 4 . In Maxxa, the most striking example is the gene CO131164, where the A-genome homoeolog has been silenced in the ovary wall, but the reverse is observed in anthers, where the A-genome homoeolog accounts for 93% of homoeologous expression. Other genes showed similar patterns of subfunctionalization in various tissues (Table 4) . Interestingly, among those genes displaying the largest degree of expression subfunctionalization, it appears that reproductive tissues such as anthers, style/stigma, staminal tube and ovary wall are often involved (these tissues comprise 12 of 18 tissues in Table 4 ). This observation mirrors similar findings from (ADAMS et al. 2003) .
In addition to subfunctionalization, hybrid and polyploid plants also display genomespecific silencing biases. For each genotype, the percentage of completely silenced genes varied from a maximum of ~ 6% D-homoeolog silencing in Maxxa to a minimum ~ 0.3% A-homoeolog silencing in the synthetic (Table 5) 
Tissue-specific transcriptional neofunctionalization
Neofunctionalization may be detected in our framework by first indentifying all gene × tissue assays that lack expression of either the A-or D-genome ortholog in the mix (i.e. not expressed in the A 2 or D 5 parent) and which gain expression in the F 1 , synthetic, or Maxxa ( Figure 1B) . It is important to note that the pattern above can arise de novo, as a totally novel form of expression, or as a product of the reactivation of a lost ancestral expression regime, and our experiment cannot distinguish between these two forms of transcriptional neofunctionalization.
Using the criteria above, a total of 15 genes across 8 different tissues exhibit transcriptional neofunctionalization. Additionally, by observing the range of expression values for the 1:1 parental mixtures in all available genes (Supplemental Figure 2) , it appears unlikely that these cases of neofunctionalization are a product of an inaccurate mix. Among the neofunctionalized genes, 10 showed substantial contributions from both genomes in the F 1 , synthetic and Maxxa, reinforcing the presence of gene expression neofunctionalization (Table   6) . Genes CO108066 (a putative glyceraldehyde-3-phosphate dehydrogenase), and CO076921 (a putative vacuolar ATP synthase catalytic subunit) show lack of expression of either the A or D orthologs, respectively, in leaf lamina, but both homoeologs are expressed in the same tissue in the F 1 , synthetic, or Maxxa ( Table 6 ). In addition, in those cases where neofunctionalization has occurred, it has been maintained in all genomically merged samples (F 1 , synthetic and Maxxa;
Supplemental Figure 3) . Overall, the nonfunctional alleles were usually from the diploid Agenome (11 of 14 cases), indicative of the potential for a genome-of-origin bias for neofunctionalization in cotton, albeit for a relatively small sampling of genes.
Evolution of cis-and trans-regulatory variations in cotton
Expression variation can originate via either cis-or trans-regulatory evolution, or both.
By comparing genome-specific expression between the mix and F 1 it is possible to partition expression variation into cis and trans origins, using the procedures described by WITTKOPP et al. (2004) and SPRINGER (2006) . Our analysis of cis-and trans-acting regulation in cotton includes 30 genes in leaf lamina and 38 genes in the petiole (Figure 6 ). Among both leaf lamina and petiole tissues the most prevalent type of regulatory divergence is cis-regulatory evolution (50% and 39% in lamina and petiole, respectively) followed by a combination of cis and trans factors. This result is similar to other studies regarding the prevalence of these modes of regulatory evolution (SPRINGER and STUPAR 2007a; STUPAR and SPRINGER 2006; WITTKOPP et al. 2004; ZHUANG and ADAMS 2007) . Additionally this result gives an indication that some of the expression changes attributed to genome merger (Table 3) are likely caused by cis-regulatory divergence between the A-and D-genomes.
DISCUSSION
Homoeologous contributions to the transcriptome
We used a mass-spectrometry based SNP detection technique to measure allele-and homoeolog-specific contributions to the transcriptome of diploid and allopolyploid cotton accessions that were selected to be informative with respect to the evolutionary stages involved in allopolyploid speciation and subsequent evolution ( Figure 1A) . Contrasting genome-specific expression in these accessions allowed us to allocate expression alterations to the stages of genome merger, genome doubling, and subsequent evolution within the allopolyploid lineage, while revealing examples of subfunctionalization and neofunctionalization ( Figure 1B) .
To substantiate the MassARRAY-based interpretations, we validated these estimates of genome-specific expression through comparisons to expression data generated by a genomespecific microarray platform (UDALL et al. 2006) . These validations were conducted for both petals (FLAGEL et al. 2008 ) and fibers from several developmental stages (HOVAV et al. 2008a) , and demonstrate significantly positive correlations.
Allopolyploidy entails the merger of two diploid genomes, which may contribute either equally or disproportionately to the transcriptome. Data presented here demonstrates that genomically biased expression in cotton is a common phenomenon, occurring in vegetative and floral tissues, and also in single-celled fibers, consistent with previous studies using other genes and analytical methods (ADAMS et al. 2003; ADAMS et al. 2004; ADAMS and WENDEL 2005a; FLAGEL et al. 2008 ; HOVAV et al. 2008a; UDALL et al. 2006; YANG et al. 2006) . In the present study, among 49 homoeologous genes sampled in Maxxa, ~ 40% exhibit biased expression towards the A-or D-homoeolog, in all tissues examined (Figure 2) . Furthermore, the extent of genome-specific bias varies substantially among tissues, from nearly equal expression to complete silencing (here again, silencing refers to an absence of detectable transcript). The accumulated results from this study and others noted above indicate that among hybrid and allopolyploid cotton both the A-and D-genome contribute unequally to the transcript pool, but that neither genome displays an overall expression preference. This result differs from natural and synthetic allotetraploids in Arabidopsis, which show a global down-regulation of the A.
thaliana genome in favor of the A. arenosa genome (CHEN et al. 2008; WANG et al. 2006 ).
Although genomic preference was not detected at a global scale, relative transcript abundance from individual genes varied greatly. Genome-specific silencing was observed in 4 genes in the F 1 hybrid, 5 genes in the synthetic, and 11 genes in Maxxa, noting that this differed widely among tissue types for many of those genes ( Table 5 ). These results indicate that silencing is most prevalent in the natural allopolyploid, following 1-2 MY of allopolyploid evolution. Furthermore, in Maxxa, silencing is more prevalent among D-genome homoeologs than among A-genome homoeologs ( Table 5) 
Distinguishing the effects of genome merger, genome doubling, and polyploid evolution on gene expression
By partitioning genome-specific expression changes within a selected framework of cotton accessions (Figure 1A ), we were able to determine that genome merger has the largest impact on biased expression of homoeologs along the pathway to polyploidy in cotton (Table 3) . (Figure 6 ), and in this respect our data indicate that cis evolutionary factors (those arising from A-and D-genome cis-regulatory divergence), appear to be most prevalent. Taken together, these data indicate that reuniting divergent cis-regulatory domains may be a major component of "genomic shock" as it pertains to cotton hybrids and allopolyploids.
Allelic expression differences, detectable immediately in the F
Following genomic merger, we found that allopolyploid evolution was the next most prevalent contributor to expression evolution (Table 3) . This result is interesting as it implicates a significant role for the action of long-term evolutionary processes, such as sub-and neofunctionalization. Furthermore, changes that occur via allopolyploid evolution are more prevalent than those occurring via genome duplication alone (40 vs. 30 gene × tissue events; Table 3 ). This result indicates that genomic duplication alone may play a less significant role in altering homoeologous gene expression states in cotton, possibly affecting only those homoeologs with dosage-regulated expression (OSBORN et al. 2003) .
Mechanisms of functional divergence and retention of homoeologs following allopolyploidy
Tissue-specific and developmental expression variation between co-resident genomes may occur via several mechanisms, including altered regulatory interactions, epigenetic modifications, and gene dosage changes (ADAMS and WENDEL 2005b; BIRCHLER et al. 2003; COMAI et al. 2000; OSBORN et al. 2003; RIDDLE and BIRCHLER 2003) . At present, we lack an explanation of the underlying mechanisms of allelic and homoeologous gene expression biases, though our results indicates that both short (genome merger) and long-term (duplicate gene evolution) evolutionary processes play a role in determining homoeolog expression states in allopolyploid cotton. Recent work in allotetraploid Arabidopsis has shown that genome-specific methylation may play a crucial role in establishing homoeolog expression patterns (CHEN et al. 2008) . Using RNAi to silence met1, a cytosine methyltransferase, CHEN et al. (2008) demonstrated that many previously identified cases of genome-specific gene silencing were caused by or connected to methylation. Though these results may offer a promising mechanistic explanation of our findings of genome-specific biased expression and silencing, changes in methylation do not appear to accompany allopolyploidy in cotton (LIU et al. 2001) . This difference between Arabidopsis and cotton indicates that there may be no single unifying factor that governs genome-specific expression biases in allopolyploid plant species; instead genomespecific expression evolution may occur via a unique and ad hoc mixture of genetic and epigenetic regulatory mechanisms within different species.
Following allopolyploid establishment, several mechanisms may affect the fate of homoeologous genes (CHEN and NI 2006; COMAI 2005; LEITCH and BENNETT 1997; LEVY and FELDMAN 2002; LIU and WENDEL 2002; MATZKE et al. 1999; SOLTIS et al. 2004; WENDEL 2000) . One model of homoeologous gene retention is subfunctionalization, which is the partitioning of ancestral function and/or expression domains between duplicated genes, such that both copies continue to be necessary (FORCE et al. 1999; LYNCH and FORCE 2000; OHNO 1970 ).
Various studies of subfunctionalization, including MADS-box genes in Arabidopsis (DUARTE et al. 2006) , germin genes in barley (FEDERICO et al. 2006) , ZMM1 and ZAG1 genes in maize (MENA et al. 1996) , and the AdhA gene in cotton (ADAMS et al. 2003) , have shown that expression subfunctionalization occurs in plants. Here we show that instantaneous expression subfunctionalization may occur immediately following genomic merger ( Table 4) . Because of this, the preservational forces of subfunctionalization may be immediately initiated for a significant number of genes within allopolyploid cotton, as previously suggested (ADAMS et al. 2003; ADAMS and WENDEL 2005a; FLAGEL et al. 2008) . Recent genomic analyses comparing homoeologous regions in G. hirsutum lend support to this claim, as homoeologous gene loss appears to be rare (GROVER et al. 2004; GROVER et al. 2007 ).
During allopolyploid evolution, duplicate genes not subject to subfunctionalization may still be retained if one copy evolves a novel function via neofunctionalization (FORCE et al. 1999; LYNCH et al. 2001) . Several studies have identified neofunctionalization among duplicate genes in diploid plants, including lectins in legumes ( VAN DAMME et al. 2007 
), MADS-box genes in
Physalis (HE and SAEDLER 2005) and Arabidopsis (DUARTE et al. 2006) , LEAFY paralogs in Idahoa scapigera (Brassicaceae) (SLIWINSKI et al. 2007) , and diterpene synthase paralogs in conifers (KEELING et al. 2008) . Expression neofunctionalization was also detected in the present study, which makes this the first example of neofunctionalization in an allopolyploid, as far as we are aware. We found 15 genes in 8 different tissues where expression was undetectable in one of the parental diploids but appeared in the F 1 , synthetic, and Maxxa. This pattern, which indicates an expansion of ancestral expression domains, is consistent with expression neofunctionalization.
In addition to the processes described above, cis-and trans-regulatory changes provide insight into the evolution of regulatory networks in cotton. We observed that most variation in gene expression following genome merger is the result of cis-regulatory variation. This finding suggests a mechanism for additive expression patterns detected for many genes in a microarray study of the F 1 hybrid (FLAGEL et al. 2008) . Additionally, cis-regulatory variation has been found to be a prevalent mechanism for generating expression differences in F 1 maize hybrids (STUPAR and SPRINGER 2006; SWANSON-WAGNER et al. 2006) . While cis-regulatory evolution may be more common, it is also possible that trans-regulatory effects may affect gene expression, and even profoundly so. For example, reactivation of a silenced gene copy in a hybrid background, due to a trans-effect, may generate novel expression cascades that have evolutionary consequences. Mechanistic studies that determine the exact nature of important cis changes would be of tremendous help in advancing our understanding of underpinnings of the observation of a prevalence of cis-regulatory in the divergence in hybrid and allopolyploid plants.
Evolutionary consequences of homoeologous gene expression in cotton
Recurrent polyploidization has played a significant role in adding genetic variation to the genomes of plant species. It has been demonstrated that a most duplicate genes are lost quickly on evolutionary times scales (KELLIS et al. 2004; LYNCH and CONERY 2000; THOMAS et al. 2006) . Despite these rapid losses some homoeologous genes are retained, and various explanations have put forth to explain this retention, including dosage sensitivity (THOMAS et al. 2006 ) and gene function (BLANC and WOLFE 2004) . For example, among the retained homoeologs in A. thaliana, transcription factors and signal transduction genes have been preferentially retained, whereas genes performing enzymatic functions have not (BLANC and WOLFE 2004) . It has also been suggested that alteration in duplicate gene expression patterns may enhance retention (ADAMS et al. 2003; FLAGEL et al. 2008) . In cotton, this form of duplicate gene retention may be facilitated by expression subfunctionalization and neofunctionalization. These forms of divergence can occur rapidly after polyploidization; indeed we show here that many changes occur immediately in synthetic F 1 hybrids and allopolyploids.
From an evolutionary perspective, this immediate form of expression divergence can enhance expression variation and phenotypic diversification in the short-term with the long-term consequence of homoeolog retention. Together these processes may add to genetic and phenotypic variation with a species, thus enhancing the future potential for natural selection to lead to adaptive evolution. 
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